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What is a cellular solid?

* Interconnected network of solid

struts or plates that form edges and
faces of cell

* Relative Density
—Density of foam divided by density of solid

* Can be produced from wide variety of
materials

—Polymers, ceramics, metals, food

o o :

|{C)‘

Gibson & Ashby, 1997
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Open-cell foam

Closed-cell foam

Hollow-sphere foam

Periodic/optimized truss structures

— Octet, pyramidal, tetrahedral, kagomé truss
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Honeycomb

Wadley et. al., 2003

Smaller spheres not drawn for convenience

10 mm

Deshpande et. al., 2000
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Production of Cellular Metals

1 1|'
P\

Open-Cell Foams:

a) Preform b) Burnout
! ! Casting slurry (sand)
Polymer __[]
ligaments S
Open
channels  — & -»
Mold __)/i-s
material
*Pressure
c) Infiltrate i Molten metal
O @
O O
O O
@] O
O Q
O Q
d) Re P 3
move -
maold O O Metal
material _ ligaments

et e

Ashby et. al., 2000
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Closed-Cell Foams:

Fraunhofer Foam Production

ciarting materaly
> &

metal powder foaming agenl

mlxing

axial compaction exbrucion

foamable 5 = e ——

semi-finlshed
product

wiarking

foaming

TiH2 decomposes at 400°C

Twnm = 660°C for aluminum
Al, Zn, Pb, Ti foams

Production of Cellular Metals

Alcan AV/SiC Foam Production

PARTICLE STABILIZED PULLEY
LIQUID FOAM SOLIDIFTED FOAM r#__J’I"GZT
AIR \I = o o)
ROTATING AIR - Lt
N RIS \ ~ ;‘gﬁ'ﬁ o
I -i-‘-.. '_.__,..-'-"'_-
R

HEAT RESISTANT
SHEETING

ALUMINUM MELT "u';'l‘l'li 5iC PARTICLES

ALPORAS Foam Production

DISPLACED

IMPELLER AIR
."‘--
L 4 *—
>
- '
HEATING .
ELEMENTS H o2
— / ~ r, .
et g B s
- - 05:95:94:108:

TITANIUM HYDRIDE

MOLTEN ALUMINUM WITH
DMSSOCTIATES

CALCIUM AND TITANIUM HYDRIDE

From Banhart et al. (1996} Mat. Soi. Eng. A205, 221-228 Simone and Gibson 1997
s
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Production of Cellular Metals

« Also produced via fluidized bed coating (ATECA)

Hollow-Sphere Foams:
P and mechanical forming/joining (Kaydon ITI)

HOLLOW SPHERICAL

POWDER SYNTHESIS « Joined using second phase (epoxy, solder) or
a) Slurry cast of hollow spheres difoSion bonding
Gas Gas
needle ™
\\

& organic binder ___
&solvent

_(Hurysz et. al., 1998) (Sypeck et. al., 1998)

S ImN|P

eole

Hollow © Syntactic Foam  Flattened Contacts "Necked" Bonds
"green” @
spheres o

(Sypeck et. al., 1998)

o

b) Hollow sphere metallization

Heat to evaporate
solvent and binder, _
and decompose TiH, |+

B oG T000

Ashby et. al., 2000 ARW 9



Production of Cellular Metals
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Face sheet (eg. 304 stainless steel

Heat Solid Facesheets
Pressure /

Constructed

core
(304 stainless

steel)

Punch
S

Bonding
lagent applied
e.g. Ni-25Cr-10P)

Pressure

Expanded Facesheets

Perforated sheet

Tetrahedral core

Core sheet prior to corrugation:

elongated hexagonal
perforated sheet.
Catalyst (e.g. heat) Pressure
_Lh . Constructed
T
Bonding 5 ; core
agent applied |
~_7
Pressure
NATO ARW 10
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Production of Cellular Metals

Honeycomb Structures:

 Includes hexagonal, square, and triangular honeycomb

Corrugated
Stack & resistance weld core

Wadley et. al., 2003 Wadley et. al., 2003
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S 2 Behavior of Cellular Metals

Stochastic Foams: Models

cell edge
:m_l’é \
/I

| - ////
l Jim|a! — |27 [Gibson and Ashby, 1997]
f 7/'ﬁ g = jg\ 7
w o\pL;l cell face U/’ﬁo\sed cell face
Ay
\ .‘ Ay
\ .\ [Stimone and Gibson, 199§]

Tetrakaidecahedral Cells\

NATO ARW 13



Relative Young's Medulus, E"/Es
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Kinkead et. al., 1994

Elastic Representation Surfaces (#/R = 0.1, €= 30°)
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Strerigth of Hollow- 1
Sphere Foams -

----- Open-Cell

— — -Closed-Cell
Hollow-Sphere

Clancy (1991) Nickel
Anderson (2000) 316L SS
Sanders (2002) Al 1100
Sypeck (1998) Ni 625
Sypeck (1998) Ti-6Al-4V
Hurysz (1998) 405 SS
Alporas
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~
~ 7
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0.06
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Relative Density, p'/p_

0.3
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Truss Structures:

—

(@)

(c)

(e)

orientation |
3
L_E
1
orientation Il

3
2
1

orientation Il

3
1
2

Wadley et. al., 2003

(b)

(d)

U]

Behavior of Cellular Metals

Shear I

Shear I11

Wadley et. al., 2003\@)

Wadley et. al., 2003

TOpOl ogy Elastic Shear Compressive | Min Shear | Max Shear
Modulus | Modulus Strength Strength Strength
(E53/E) (G43/Ey) (033f0y) (T/Uy) (rfcsy}
Hexagonal Honeycomb | 1.00(p/pg) | 0.14(p/ps) 3.22(plpg)33” - 1.61(p/pg)*
Diamond Textile 0.25(p/ps) - 0.78(p/ps)* - 0.5(p/pg)*
Square Textile 0.50(p/ps) - 0.56(p/ps)* - 0.08(p/ps)*
Diamond Hollow Tube 0.25(p/ps) - 0.47(p/ps)* = -
Square Hollow Tube 0.50(p/ps) 5 0.90(p/ps)* = -
Tetrahedral 0.44(p/ps) 0.11(p/ps) 0.67(p/ps) 0.24(p/ps) 0.27(p/ps)
Pyramidal 0.25(p/py) 0.13(p/pg) 0.50(p/py) 0.25(p/ps) 0.35(p/ps)
3D Kagome 0.44(p/ps) - 0.73(p/ps) 0.21(p/ps) 0.21(p/ps)

(*Experimental Results) (** Plateau Stress)

Wadley et. al., 2003
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A Comparison:

Strength

Behavior of Cellular Metals
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Yield Strength

1.2 T
Honeycombs (Yielding)
1.0 e i 5 ~ (1.0
0.8 - ! a i
.’: Tetrahedral ®0.67)
0.6 @ ;r ]
;'. Textiles, Pyramidal
B o . 2NN TYAMEE. —-(05)
04 / e _
II‘ *
0.2 ”\ . _
Buckling Eoafie
0.0 L= . 1
0.00 0.04 0.08 0.12 0.16 0.20

f”a| Wadley et. al., 2003

@ Pyramidal (304 SS)
m Tetrahedral (304 SS)
% Diamond textile (304 SS)
© Diamond hollow truss (304 SS)
® Diamond solid truss (304 SS)
o 0°/90° hollow truss (304 SS)
m 0°/90° solid truss (304 SS)

@ Tetrahedral (Al6061-0)
m Bi-layer tetrahedral (Al6061-O)

NATO ARW 19

Relative density P, wadley et. al., 2003
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Appllcatlons of Cellular Metals

Cellular metals posses a unique set of properties

Excellent stiffness to weight ratio when loaded in bending:

Lightweight Structures attractive values of E'3/p, E'?/p, and o,'"/p for panels,
plates, beams, and columns.

Low density with good shear and fracture strength.

Sandwich Cores

Damping capacity of metal foams is up to 10X larger than

Mechanical Damping that of solid metals.
Cellular metal panels have higher natural vibration
Vibration Control frequencies that solid sheet of the same mass per unit
area.
] . Reticulated structures (open porosity) have sound
Acoustic Absorptlon absorbing capacity.
Open-cell structures posses large surface area and high
Thermal Management cell wall/strut conduction for exceptional heat transfer
ability
Cellular metals have exceptional ability to absorb energy
Energy Absorption at almost constant pressure: crash protection, blast

protection

NATO ARW 21



< Applications of Cellular Metals

Stiffness limited design at minimum weight
mEY2/p  OEY3/p

Beams (free area), columns
Beams (free height), panels, plates

g Bumpers
e

Spare Tire Cover

Armrest

Grill Opening
Retainer

Cymat, Inc. o oot

<

Al MMC
open cell 5%

open cell 10%
octet truss 10%
octet truss 5%
Honeycomb 10%
Honeycomb 5%

ARW 22
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Applications of Cellular Metals

Heat source, Q

Ashby et. al., 2000

ERG Aerospace

Wadley et. al., 2003
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Energy Absorption

COMPRESSIVE STRESS 0/Eq

o
Y

FULLY DENSE
ELASTIC SOLID

FOAM

ENERGY W/Eg
[N DENSE SOLID

ENERGY
IN FOAM

0 0.5
COMPRESSIVE STRAIN E

Gibson and Ashby, 2000

1.0

}Applications of Cellular Metals

[ e |
?iar71d core metal textile:
&\ \\ I
== 3
=] ] 2552
/3
TP
l\ssure PIES| P=o,
(Compressive yield strength
Wadley et. al., 2003
Volumetric Basis Mass Basis
L ' ' tor T ' ' ' oo T
0.1 Woven Corg 1?7 Pyraimidal Core E
i Pyramidal Core a
e [ Honeycomb 2 ]
4 .33 ! E B Wovey Corg
w : .2 . Woe | = t 83
v Honeycomb & ¢ * *e
- 0.01- + ' {1 o 0.1} BL. ¢ ] 3 e
Yield EBL . 5 A Yield . ’n .:. °
[ LS _ B o
. Egg-Box ¢ 3 %
& y Egg
[ TY *
0.001} ¢ ' ] Box
0.01 —,
0.01 0.1 0.01 0.1
Relative Density, p Relative Density, p
Fleck et. al., 2002 NATO ARW 24
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Summary

* A range of cellular metals presented as a structural concept,
independent of material properties

— Stochastic foams, hollow-sphere foams, periodic trusses

* Cellular metals posses high structural efficiency that provides
added benefits over a fully dense material

* Lightweight structure used in application will depend on
manufacturability and cost of each process

* Range of properties of cellular metals allows multifunctional use
beyond simple structural concepts

— Allows for further weight savings

Nature has a magnificent way of achieving great
structural feats using only limited resources!
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